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Construction of Pedestrian Tunnels, Essex Junction, VT
B. F. Townsend

A. D. Walker

Senior Engineer, Haley 8r. Aldrich, Inc., Cambridge, Massachusetts

Project Manager, Geo-Con, Inc., Monroeville, Pennsylvania

SYNOPSIS A combination of innovative tunnel engineering concepts and ground improvement technologies
are described as applied to an IBM facility in Vermont, with emphasis on the geotechnical aspects of
the construction.
By this approach, emergency access and egress tunnels were built through difficult soils beneath the
slab on grade of a vibration sensitive manufacturing building, with minimal disruption to daily
operations.
INTRODUCTION
At the IBM Corporation facility in northwestern
Vermont, expansion plans called for locating
part of the semiconductor manufacturing process
in an unoccupied basement space. In order to
comply with local fire code requirements, and to
mitigate the life safety hazards of the process,
it was necessary to construct emergency openings
at 50 ft intervals along the existing basement
foundation wall. To provide this, it was
proposed that five tunnels be installed;
extending below the ground floor of the adjacent
building bay to an outside areaway.
The feasibility of the proposed project hinged
on the ability to tunnel beneath an existing
slab-on-grade addition to the original facility,
without interruption of manufacturing
operations.

No more than one inch slab settlement or
one-half inch of footing movement, vertical
or horizontal.

0

Maintain access to the first floor of the
building throughout construction.

0

Match tunnel floors to the existing
basement floor elevation. The floor to
floor height from basement to the first
floor is 12 ft 4 in.

0

Develop, design and select construction
methods to meet the occupancy goal of 12
months.

By rerouting certain less essential functions
within the 1989 building additions, it was
possible to use cut and cover excavation methods
and conventional cast-in-place concrete
construction for two tunnels, the northernmost
tunnel on the west side and the south side
tunnel. The remaining three tunnels on the west
side of the building were located below the 20
ft addition where ongoing manufacturing
operations had to be maintained. A schematic of
the west tunnels is shown in Figure 1.

Adding to the design team's challenge, IBM
wanted to occupy the new space in less than a
year. With these project constraints, it was
recognized that a tunneling scheme needed to be
developed which would minimize vibrations and
reduce the risk of settlement or failure of the
building foundation.

Conventional soil tunneling options which are
technically feasible and might normally be used
for tunnels of this size and length were
unacceptable. Such methods generally result in
accumulating ground movements and possible soil
fallout to the slab above the tunnel. There
would be a high risk of excessive settlement or
even failure of the slab, which obviously would
disrupt ongoing manufacturing operations.

PROJECT DESIGN ISSUES
The desired expansion area was located in the
southwestern portion of the building directly
below the existing first floor process level.
This level consisted of the original building
constructed in 1979 and a subsequent 1989
addition of a 20 ft wide two-story block on the
west side and a 10 ft wide one story corridor on
the south side. At the first floor, both
expansions were of slab on grade construction,
bearing on compacted granular fill. Working
with IBM, the following requirements were
established for evaluating tunneling options in
the feasibility study:
o

0

Due to the limited clearance between the tunnel
crown and the slab above, feasible tunneling
schemes had to include a means of stabilizing
the soils to minimize the risk of slab
disturbance during excavation. Options included
increasing the strength of the ground by
freezing, or grout injection or by installing
structural "pre-support" elements in the ground

No construction vibrations which would
disturb sensitive instrumentation used in
the building.
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UNDERPIN AND LATERAL EARTH SUPPORT DESIGN
Construction of underpinning columns or piers
was required beneath the building column and
wall footings located within the zone o~ tunnel
excavation. Underpinning had to be closely
coordinated with the tunnel entrance portal
design and use of temporary excavation lateral
earth support at each tunnel work area.
Therefore the contractor was given final design
responsibility for the underpinning as ~ell as
for portal design and temporary ex~av~t1on
support. Minimum limits of un~erp1~n1ng and
performance criteria were prov1ded 1n the
construction bid documents.
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One of the contractors submitted a bid with a
proposal to utilize continuous, overlapping jet
grouted columns for underpinning in lieu of
concrete piers.

I

PARTIAL PLAN AT BASEMENT LEVEL

The jet grouting technique, as a soil
improvement technique, has made tremendous
advances worldwide in the last ten years, but
only recently gained wider acceptance in the
United States (Grouting, Soil Improvement and
Geosynthetics, 1992; Hilmer & Krappe, September,
1988).
There are at present three general formf
of jet grouting involving the.injection o~
single fluid (grout), two flu1ds (groutjal~),
and three fluids (airjwaterjgrout). The s1ngle·
phase system was used at the Vermont site, in
which the grout both excavates and cements the
soil. This is in contrast to the two-phase
system in which an air shroud is used to impro~E
cutting efficiency and the three-phase system 11
which the excavation and cementing operation arE
separated. In this respect, the single-phase
system can be regarded as more of a jet mixing
method rather than pure replacement.

SECTION A-A
Fig.l

West Tunnels:

Plan and Section

around the future opening. Horizontal jet
grouting and permeation grouting had been
considered but these alternatives were dismissed
due to the potential for slab heave resulting
from grouting pressures, especially when
considering the minimal soil cover above the
crown. Ground freezing was also rejected based
on cost and again, the potential for ground
heave.
It was concluded that pre-support elements were
best suited to meet IBM's restrictive design
requirements. A series of contiguous,
horizontal soil "dowels" installed around the
perimeter of the tunnel in an arch
configuration, for presupport of the ground,
formed the basis of the design. Each dowel
would be installed by drilling a 6 to 8 in.
diameter hole the full length of the tunnel,
installing a reinforcing bar in the drill hole,
and filling the drill hole with a neat cement
grout. The dowels would be anchored to the
existing basement wall and at the face of the
tunnel portal and would locally support the
soils during construction. The soil dowel arch
would be braced with steel rib sets supported on
pre-cast footings with a steel invert strut. A
tunnel underslab drain would tie into an
existing building basement perimeter drain.

Whatever the form, the method relies on the use
of ultra-high pressures, typically betwe7n 4,?0(
and 6,000 psi, to impart energy to a flu1d wh1c!
is injected at a velocity of between 800 and
1 000 ftjsec.
The high speed fluid cuts and
mixes the insitu soil normally with a neat
cement grout, as was the case here. The h~gh
velocity is developed by using a 350 HP tr1plex
piston pump which injects the grout through
small nozzles set in a monitor mounted on the
tip of the drill string. By varying the
rotation rate and the lift rate of the drill
string, soilcrete columns of different sizes ma~
be formed. The type of soil being mixed has a
significant effect on the final properties of
the column.
The jet grout proposal was accepted following a
review by the design team. Jet grout
underpinning offered significant cost savings,
provided comparable performance and offered the
following additional benefits:
o
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Speed - Each jet grout column {2.5 ft dia.
6 to 10 ft long) can be installed in less
than 30 minutes, compared to concrete pier1
{3 ft by 5 ft in plan) which require one t•
two days each for hand excavation, lagging
and concrete placement, then one to two
additional days before dry packing and loac
transfer. Therefore, the interval between
adjacent pier construction is at least two
to four days.

o

Safety - A drill rig forms the vertical jet
grout columns through cored access holes in
the footing in contrast to the need for
work in confined spaces beneath the
footings as with the pier ("pit") method.

Design calculations with regard to sliding and
overturning of the underpin columns indicated
that wall strip footings be underpinned with a
single row of jet grout columns and column
footings be underpinned with a double row of jet
grout columns. This design was based on an
assumed soilcrete compressive strength of 250
psi and a conservative assumed column diameter
of 2.5 ft, resulting in approximately 100
interlocking columns on a 2 ft center to center
spacing.

5.

Following tunnel excavation, subsequent
steel rib set installation and removal of
the interior foundation wall for access to
the basement, the reinforced concrete
cast-in-place tunnel floor slab and walls
were constructed. The tunnel arch lining
are then completed with three applications
of gunite reinforced with a welded wire
mesh.

This sequence is shown schematically in Figure
2.

The depth of the underpinning was extended 2 ft
below the proposed excavation level to provide a
secure toe for the underpin with the column
length varying across the site based on the
footing elevations. The jet grouted columns
were not only utilized for foundation
underpinning, but also were incorporated to
provide lateral earth support to the entire face
of the existing structure in the area of the
three mined tunnels. This would provide more
working space for tunnelling operations and
avoid the need for a temporary excavation
support system in this area.
Tie rods were successfully used to resist
lateral loading for not only the foundation wall
but the jet grouted columns as well. Within the
limits of the mined tunnel, the tie-rods were
also used to provide support for the tunnel
breasting used during tunnel excavation. The
tie-rods were strategically located to
facilitate breasting support for the head and
bench method of tunnel excavation.
CONSTRUCTION SEQUENCE
The following is a general outline of the
construction sequence adapted for the mined
tunnels:
1.

TUNNEL EXCAVATION AND SUPPORT

Underpin the existing building foundations,
and provide lateral earth support where
required, by constructing jet grouted
columns using the single rod jet grout
method.

2.

Install fully grouted soil dowels through
the exterior foundation wall and/or jet
grouted underpinning columns, anchored to
the interior foundation wall.

3.

Install tie-rods from the exterior
foundation wall andjor jet grout columns,
utilizing structural steel wales as
necessary to distribute applied loadings.

4.

'~~~~~~~fA/i~i> BLOCKS

Fig. 2.

Construction Sequence:

Mine tunnels

The soil dowels were installed in three lifts
starting with the top third of the arch and
moving down as the excavation progressed. This
improved the construction schedule since the
installation of the soil dowels could begin
earlier and several operations could be
staggered to occur at the same time. In this
case, excavation could occur along one portion
of the building while tie-back rods or soil
dowels were installed in another area.
In this way, the geotechnical aspects of the
work required only one type of construction
machinery. The pre-support elements, tie-rods,
and jet grouted columns were constructed with
the same drill rig, thus minimizing the project
mobilization costs and amount of equipment
located within the restricted site area.
Furthermore, scheduling of the geotechnical
portions of the tunneling related work could be
adjusted readily in the field, if required,
since the necessary equipment was almost always
on site.

Remove the exterior foundation wall and or
jet grout columns to prepare the mined
tunnel portal preparation, and advance the
tunnel excavation, installing the steel rib
sets with the invert strut founded on
pre-cast concrete footings as the
excavation is advanced.
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JET GROUT TEST PROGRAM
It is always advisable to conduct a jet grout
test program to observe the effect of varying
several operational parameters, such as
rotation, lift rate, and grout mix design on
column formation. This approach was adopted.
In all, five test columns were constructed in
granular fill external to the building. While
the grout flow rate was kept constant at
approximately 40 gpm, the grout mix w;c ratio
was varied from 0.8 to 1.0, the lift rate from
0.5 fpm to 1.33 fpm, and the rotation rate from
1 rpm to 1.33 rpm. The test section was then
excavated to expose the jet grout columns. The
test program had produced geometrically
consistent column formation with diameters
ranging between 2.5 ft to 4.0 ft. six inch core
samples were obtained from the test columns.
Unconfined compressive strengths of the
retrieved cores ranged between 370 psi to 1640
psi at 7 days, reflecting the significance of
the operational parameters.
Based on these results, the following parameters
were selected for production work to achieve the
design strength of 250 psi:
Grout Pressure

5,500 psi

Grout Flow Rate

40 gpm

Grout Mix Design

w;c ratio 1.0 by weight
Type III Portland
Cement

Lift Rate

1 fpm

Rotation Rate

1 rpm

JET GROUT AND TIE ROD INSTALLATION
The column footings and exterior foundation wall
footings bear at depths 4 ft to 12 ft below
existing exterior grade in steps along the
building face. Excavation of the site was
advanced to the top of the footings to provide a
working platform for the Krupp 92A hydraulic
track mounted drill rig used to construct the
jet grout columns. As indicated earlier, this
is the same drill rig used to install the
tie-rods and soil dowels.

Fig. 3.

Jet grout in progress

To counteract any bleed and shrinkage of the
soilcrete, a reservoir of grout was ma i ntained
above the top of the footing with periodic
replenishment to ensure intimate contact between
top of soilcrete column and underside of
footing. Subsequent vertical cored check holes
revealed excellent contact. The grout level was
maintained until initial set had occurred, at
which time No. 8 steel dowels were set in place
to improve shear at the jet grout column/footing
interface.
In order to monitor the degree of soil mixing,
regular readings of jet grouting exhaust spoil
density were taken by mud balance. In addition,
densities of all grout mixes were regularly
taken to check grout quality and batch
proportions.
The soilcrete columns exposed following
excavation were observed to be very homogenous
in nature, attaining design strength within two
days. Figure 4 shows the exposed soilcrete
underpin and tier.ods.

Initially, 6 in. diameter holes were cored
through the footings to allow access for the
drill string. The drill head was specially
modified to permit the drill stem to approach
within 9 in. of the exterior foundation wall.
Figure 3 shows jet grouting in progress.
once the drill string was at design depth, a
check ball was seated at the end of the drill
string to initiate lateral flow through two jet
nozzles located on the side of the monitor head.
The grout was then pumped and the drill string
rotated and extracted in twelve inch increments
creating the column. Column lengths varied from
3 ft to 12 ft.
Excess grout and soil flowing to the surface was
diverted to adjacent holding ponds for disposal
after setting the following day.

Fig. 4.

1572

Jet grout underpin and tierods

excavation took place, the tie rods were
installed by advancing 6~ casing to the basement
wall using rotary duplex drilling techniques.
By this method, the casing and bit are advanced
together with the water flush return travelling
in the annulus between rod and casing. In
addition, water flush was kept to a minimum.
These precautions were critical to avoid over
washing of the soils beneath the building
footprint and thus prevent consequential
settlement. Figure 5 shows tierod and soil
dowel installation both utilizing this drill
method.

Initially, neat cement grout was injected into
the drillhole as the casing was withdrawn. A
special pneumatic packer system, with a central
pipe extension to accommodate the previously
installed No. 11 bar, was then placed at the
collar of the drillhole. Grout was again
injected into the back of the drillhole via a
tremie tube attached to the steel bar. The
tremie tube was then removed, and the horizontal
grout column pressurized through the packer. A
valve on the pipe was then closed, locking
pressure in the system until initial grout set.
This procedure helped eliminate voids which
would otherwise form at the dowel crown. Grout
volume was monitored to confirm that there was
full encapsulation of the threaded bar.

An

The neat cement grout mix had a w;c ratio of
0.5, producing an unconfined compressive
strength in excess of 3,500 psi in 3 days.
The soil dowel arches were generally installed
in three lifts, starting at the top third of the
arch and moving down with the excavation. As
mentioned previously, this sequencing of
construction operations facilitated the
construction schedule by allowing overlapping of
construction activities. The soil dowels were
generally installed in an alternating sequence,
such that no dowel was installed prior to
allowing the grout of the adjacent dowel to set
up thus avoiding grout washout. This also
allowed the previously installed dowels to guide
the closing dowel in a sequence.
Fig. 5.

On tunnel excavation, very little dowel
deviation was observed with the vast majority of
the dowels being continuous, tangent and of full
section with consistent size and shape with very
little misalignment. Figure 6 shows the uniform
nature of the dowels within a tunnel.

Installing tierods and soil dowels

A further merit of this drill system was its
rigidity which would help to maintain hole
alignment. This was not a major consideration
for the tierods, but was essential for the soil
dowels.
Once the casing was set in the basement wall, a
2 in. diameter hole was taken through the wall.
Threadbar with centralizers was then passed down
the casing, through the 2 in. hole and plated
and nutted. Grout was pressured in the casing
as it was withdrawn. Once the casing was
removed, a header pipe was fitted at the hole
collar to keep a positive head on the grout
during curing. The grout mix used had a w;c
ratio of 2 with 3\ bentonite, a low strength mix
as the grout was purely acting as a filler.
Finally, the double angle wales were positioned
and anchored by the steel tie rods. The tierods
were generally installed on a 5 ft spacing with
a working load of 25 kips.
TUNNEL SOIL DOWEL INSTALLATION
For the soil dowels, once the 6~ casing reached
the basement wall, a No. 11 threaded bar was
passed down the casing and anchored at the
interior side of the wall. As the grout for the
dowels had a critical structural role, the
method was refined from that for the tierods.
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Fig. 6. Soil dowels exposed after tunnel
excavation

This soil dowel "umbrella" fully fulfilled its
design purpose, and with expedient steel rib
placement and subsequent dry packing, the
designed load transfer mechanism was
successfully achieved.
MINED TUNNEL EXCAVATION AND CONSTRUCTION
After completion of the soil dowel and tie-rod
installation, preparation began for the mining
of the tunnels. Initially, the portal at the
face of the underpinned wall which would support
the soil dowels was constructed. This was
accomplished by casting in place an 8 in. wide
extension to the face of the wall in the shape
of the soil dowel arch.
A steel rib assembly
was then erected inside the concrete arch and
grouted in place with dry pack to provide
support for the soil dowels. The existing
concrete foundation wall inside the soil dowel
arch, which had been supporting the soil dowels,
could then be removed to permit the excavation
inside the tunnel. Figure 7 shows the tunnel
cross section.

COccuPIED FIRST

The steel rib sets consisted of three wide
flange steel pieces: Two rolled halves of an
arch which were bolted together at the top, and
a bottom horizontal strut which supported the
steel arch members and transferred the arch
loads onto the tunnel rib foundations. The
horizontal steel strut was placed on precast
footing blocks, shimmed to proper elevation and
dry pack grouted to insure uniform bearing. ThE
two arch pieces were then installed, and the g~l
between the soil dowels and the arched steel r~l
was grouted. With the exception of the dry pacl
grouting an entire rib assembly could be erecte<
by hand in a few hours.
The tunnel was mined in four increments. The
maximum length of excavation which was limited
by the strength and stiffness of the soil
dowels, was 8 ft. As one 8 ft increment was
mined, the remaining soil was retained in place
with breasting anchored with tieback rods
installed through the basement wall beyond. As
the excavation progressed, the tieback rods wer4
cut shorter for the support of the next set of
breasting.
The mining of the first tunnel took
approximately two weeks. It was during this
phase of the construction that the greatest
building movement could occur. Therefore, it
was recommended that the excavation of the
second tunnel not start until the excavation of
first tunnel was completed and any adjustments
in procedures resolved.

FLO~

Upon completion of the steel rib assemblies, a
permanent lining was placed inside the tunnel.
Initially, the floor slab was cast, encasing th•
horizontal steel struts. Next, walls were
cast-in-place encasing the steel ribs up to the
spring line of the arched roof of the tunnel.
The concrete walls were designed to cantilever
from the floor slab to provide additional
stiffness to the steel ribs against any movemen·
inward on the sides of the tunnel. Finally,
wire mesh and gunite were placed in the arched
roof of the tunnel, encasing the remaining
portion of the steel ribs and providing a smoot!
finish.
After the 20 ft long mined sections of the thre•
tunnels below the building were completed, the
remaining 15 ft lengths outside the building to
the new areaway retaining walls were constructe<
using conventional cut-and-cover excavation
methods and cast-in-place concrete construction
GEOTECHNICAL INSTRUMENTATION

Fig. 7.

Throughout project design, it was recognized
that success was dependent on the contractor's
ability to perform the work within the
constraints placed on the tunnel construction.
The design team worked with IBM to develop a
specific, measurable set of performance criteric
for building movement and vibrations during
construction. A construction monitoring prograi
was established to:

Tunnel Cross Section

As the soil was excavated from inside the soil
dowel arch, steel rib assemblies were installed
at roughly 3 ft on center to provide support for
the soil dowels.
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•

Develop preconstruction baseline data.

•

Monitor the building and soils during and
after construction to determine if there
were any construction impacts.

•

Provide a warning system against unforeseen
conditions that may require remedial
activities or precautionary measures.

A series of monitor points were installed
throughout the structure. Building movement
points (BMP's) were installed on columns, floor
slabs and the underpinned foundation wall.
Vertical and horizontal offset survey readings
were taken on these points. Tunnel convergence
points (TCP's) were installed on soil dowels
inside the mined tunnels as the excavation
progressed. These points were installed in a
triangular pattern: one in the top and one in
each side of the exposed soil dowel arch. The
distances between these points were monitored
using an extensometer capable of measuring
changes in distance with a sensitivity of .001
in. and an accuracy of± 0.005 in. Both the
BMP's and the TCP's were monitored on a preestablished schedule.
Final measured building deformations were less
than 1/2 in. Vibration criteria were
established by IBM, which also performed the
monitoring program for construction related
vibrations.
CONCLUSIONS
This project was a fine example of what close
contact and cooperation between contractor,
engineer and owner can achieve, from the initial
clearly defined owner requirements to the final
innovative design and construction.
IBM occupied the new space in early Autumn 1992
only seven months from start of construction, at
a cost well below budget.
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